Ceramides are important lipid metabolites for primal skin functions. There is increasing evidence that alteration of the profile and metabolism of ceramides is associated with skin diseases, such as psoriasis vulgaris. Most studies have reported alteration in ceramide content in the stratum corneum, but these have been scarcely reported for other skin layers. In the present work, we aimed to explore changes in the ceramide profile of fibroblasts and keratinocytes in patients with psoriasis vulgaris and healthy subjects. Using the reversed-phase liquid chromatography-quadrupole-time-of-flight-tandem-mass spectrometry (RPLC-QTOF-MS/MS) platform, we identified ceramide containing non-hydroxy fatty acid ([N]), α-hydroxy fatty acid ([A]), and esterified ω-hydroxy fatty acid ([EO]) and 3 sphingoid bases, dihydrosphingosine ([DS]), sphingosine ([S]), and phytosphingosine ([P]). We found that in the keratinocytes of patients with psoriasis, CER[NS], CER[NP], CER[AS], CER[ADS], CER[AP] and CER[EOS] tended to be expressed at higher relative levels, whereas CER[NDS] tended to be expressed with lower levels than in healthy subjects. In the case of fibroblasts, significant differences were observed, mainly in the three ceramide classes (CER[AS], CER[ADS] and CER[EOS]), which were expressed at significantly higher levels in patients with psoriasis. The most significant alteration in the fibroblasts involved elevated levels of CER[EOS] that contained ester-linked fatty acids. Our findings provide insights into the ceramide profile in the dermis and epidermis of patients with psoriasis and contribute for the research in this field, focusing on the role of keratinocyte-fibroblast crosstalk in the development of psoriasis vulgaris.
Introduction
Psoriasis is a chronic inflammatory skin disease that affects men and women of all ages. It is one of the most common skin disease, and the characteristic symptoms are psoriatic plaques that involves patches of rough, red skin and silvery-white scales [1] . Although it primarily affects the skin, it is usually associated with systemic impact, affecting other organs, and causing other morbidities, such as rheumatoid arthritis and cardiovascular diseases [1] . It is a debilitating disease which has a great 
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Discussion
In this study, we have evaluated the adaption of the ceramide profile of keratinocytes and fibroblasts of healthy subjects and patients suffering from psoriasis vulgaris using the RPLC-QTOF-MS/MS lipidomic platform. Among the identified ceramide species, ceramide-containing odd-chain fatty acids were present. Initially, odd-chain fatty acids were considered to be derived solely from diet and exist in cell at much lower levels compared with even-numbered fatty acids [19] . However, subsequently they were recognized as a product of amino acid catabolism within mitochondria in adipose tissue. Moreover, identification of ceramides containing odd-chain fatty acids in human skin has been also reported [20] . Moreover, it has been shown that ceramides containing odd-numbered fatty acids are specific to stratum corneum where their levels were accounted for 30% of total ceramides [21] . Odd-numbered and even-numbered fatty acids, both are similarly metabolized to glycerophospholipids [22] . Thus, odd-numbered fatty acids itself might not have physiological significance. However, recently the positive associations of odd-chain fatty acids with cardiovascular outcomes were shown [23] . No significant change was observed in the total amount of ceramides in the two types of skin cells. However, we found significant differences in the relative amount of ceramide classes, depending on the type of cells. Our results showed higher levels of CER [4, 6, 7] . However, these authors did not evaluate the variation of CERs in the other layers of skin, as this study shows. In addition, reductions in the synthesis of ceramides and their epidermal level were positively correlated with the Psoriasis Area and Severity Index (PASI) score in mild to moderate psoriasis [24, 25] . Given these results, our observations may be related to an increased synthesis of CER in the dermis and epidermis, in response to a decrease in ceramide levels in stratum corneum. It is important to note that a decrease in ceramide in stratum corneum causes loss of water and dysfunction of the barrier in the epidermis, comprising loss of protection against antigens, including bacteria, and can lead to skin abnormalities such as psoriasis [14, 26] . Basically, the epidermal barrier is formed by the action of lipids generated in the lamellar bodies, also known as Odland bodies, during the process of keratinocyte differentiation [16] . The major lipids that form the lamellar barrier of the skin consist of 50% ceramide [27] . It has been shown that CER[NP] and especially CER[EOS] are essential components in creating the lamellar structure [15] . Thus, it can be assumed that observed increased level of CER[NP] and CER[EOS] in the keratinocytes of patients with psoriasis may be a response to alteration of epidermal barrier. Consequently, the tendency observed of up-regulation of most of the classes of ceramides in the fibroblasts, but especially in the keratinocytes of patients with psoriasis, may be also the response to the inflammatory processes in the skin. However, the mechanisms by which the epidermal synthesis of ceramides is regulated are not fully understood, particularly at the molecular level. For example, in the epidermis, it has been described that peroxisome proliferator-activated receptors (PPARs) improve the permeability barrier by increasing the synthesis of ceramides [28] . Furthermore, PPARβ/δ has been demonstrated as a unique transcription factor modulating epidermal homeostasis due to its prominent upregulation during the transcriptional induction of genes involved in the synthesis of ceramides [29] . In general, a possible mechanism for increasing the production of ceramide is by de novo biosynthesis of ceramides, which is mainly catalyzed by serine palmitoyltransferase. However, studies on skin biopsies taken from patients with psoriasis have revealed that the level of de novo synthesis of ceramides, the expression of serine palmitoyltransferase and the number of ceramides are significantly lower in psoriatic plaques, when compared to the non-lesional epidermis, thus limited to the stratum corneum, and no relation has been found to the other layers of the epidermis. The other two additional pathways for generating ceramides are the degradation of glucosylceramide by glucosylceramide-β-glucosidase, and the hydrolysis of sphingomyelin, catalyzed by sphingomyelinase. However, psoriatic skin has been shown to have reduced glucosylceramide-β-glucosidase mRNA expression, compared to normal healthy skin, although the level of mRNA for this enzyme is higher in psoriatic plaques than in non-lesional skin [30] . In the same study, it was also shown that the level of sphingomyelinase was lower in the stratum corneum of psoriatic lesions compared to non-lesional psoriatic skin, which could justify the higher levels of ceramides observed in our study [30] . Moreover, psoriatic plaques have also been shown to have significantly lower levels of prosaposin, compared to psoriatic non-lesional skin and healthy skin. Prosaposin is a precursor of saposin, a nonenzymatic cofactor, which is necessary for the hydrolysis of sphingolipids, including sphingomyelins, and thus contributes to increasing the level of ceramides in psoriasis [30] . Our results are in agreement with both hypotheses and these can justify the observed increase in ceramides level. Other specific mechanism leading to changes in plasma membrane ceramide content involves delivery of ceramides to lysosomes, as part of the endocytic vesicles during the delivery of extracellular or membrane components (e.g., raft components) for their conversion to sphingomyelin and reutilization [31] . Ps is associated with oxidative stress and inflammation and it has been observed an increase in cellular ceramide as a result of various stimuli such as oxidative stress [32] , and the initiation of the inflammatory cytokine cascade [33] . It was also shown that ceramides induce both apoptosis [34] and autophagy [35, 36] . Increased stress conditions stimulate the production of ceramides by activation of sphingomyelinase, as well as by inducing de novo ceramides production. Furthermore, alkaline sphingomyelinase catalyzes the hydrolysis of sphingomyelin to lysophosphatidylcholine and platelet-activating factor (PAF) to suppress inflammatory responses, in addition to the conversion of sphingomyelin to ceramide [37] .
Our study showed significant differences in ceramide classes between the cells of the two skin layers of patients with psoriasis and healthy subjects. These differences were detected in CER[NS] and CER[NDS] ceramides, the relative levels of which increased and decreased, respectively, in keratinocytes, while the corresponding levels of these ceramide classes were unchanged in the fibroblasts of psoriatic patients. It has been shown that ceramide is critical for exosome formation and increased ceramides generation led to induction of exosome secretion [38] . Exosomes are cell-derived membrane vesicles that are secreted by cells in order to remove proteins and lipids, and release them in the extracellular space [39] . The role for extracellular vesicles including exosomes in the cell-to-cell communication, both in the health and in the disease has been widely described in the literature [40, 41] . Thus, observed differences in ceramide levels between keratinocytes and fibroblast may by associated with different signaling functions of ceramide species in the dermis and epidermis and indicate a role of keratinocyte-fibroblast cross-talk in the development of psoriasis. Additionally, the different responses of the dermis and epidermis reported in our study could indicate compartmental differences in lipid metabolism. Regarding the observed changes, it should be noted that CER [NDS] ceramides are produced upstream of other ceramides, and initially converted into CER[NS] species, which may explain the observed changes. CER[NDS] contains sphinganine, and the higher level associated with the increased expression of ceramidase, which is the major enzyme involved in ceramides degradation, in the psoriatic epidermis was positively correlated with the clinical severity of psoriasis [42] . Furthermore, the involvement of sphingomyelinase is a possible explanation for our findings observed in keratinocytes and fibroblasts. Increased sphingomyelinase activity would result in an increased release of ceramides stored in membrane sphingomyelins. However, sphingomyelinase releases both CER[NS] and CER[AS] ceramides from sphingomyelins, at least in the stratum corneum [43] , and CER[AS] were increased in keratinocytes and fibroblasts, while higher levels of CER[NS] were observed only in keratinocytes. Although CER [NS] have been identified as components of glucosylceramides in the epidermis, CER[NDS] ceramides have not been identified [44] .
In addition to the changes mentioned, we have also observed a significant increase in the relative levels of two phytoceramide classes, namely CER[NP] and CER[AP] in keratinocytes but not in fibroblasts of patients with psoriasis. Moreover, the esterified ceramides CER[EOS] were the most relevant CER species in fibroblasts that discriminate patients with psoriasis from healthy subjects. CER [EOS] , which contains long-chain fatty acids, is known to be important for the barrier function of the epidermis [45] . However, contrary to our findings, it was described that psoriatic plaques formed in stratum corneum had lower levels, not only of CER[EOS] but also of ceramides containing phytosphingosine with a concomitant higher concentration of ceramides containing sphingosine, compared to the normal healthy skin [46] .
In conclusion, our study showed changes in the profile of ceramides in keratinocytes and fibroblasts in psoriatic patients and also between psoriatic patients and healthy subjects. Since the decrease in epidermal ceramide content has been linked to water loss and barrier dysfunction, these results draw attention to the research on the role of higher cell concentrations of ceramides and the possibility of particular ceramide species playing signaling functions in the dermis and epidermis. Furthermore, our results provide an overview of the metabolism of ceramides in the dermis and epidermis of psoriatic patients and may help to better understand the role of keratinocyte-fibroblast cross-talk in the development of psoriasis. CO 2 at 37 • C. When the cells (passage 3) reached 70% confluence, they were washed and resuspended in PBS. Separated keratinocytes and fibroblasts were lysed by sonification on ice.
Lipid Extraction
To obtain lipid extracts rich in ceramides, 5 mL of methanol was added to skin cells lysates fortified with 10 µL of a solution containing CER internal standards at a final concentration of 1 ng/mL, vortexed, and sonicated for 10 min. After sonication, samples were centrifuged (Thermo Scientific Sorvall Legend X1R, Pittsburgh, PA, USA) at 5000× g for 10 min at room temperature. The methanol fraction was dried at 37 • C under a nitrogen stream. The dried extract was then reconstituted in 300 µL of 11/1 hexane/isopropanol (v/v) and solid-phase extraction (SPE) was performed using NH 2 SPE columns (100 mg, 1.0 mL from Cronus, Deerfield, IL, USA). SPE columns were preconditioned with 2 mL of hexane. After the sample load, the cartridge was washed with 2 mL of hexane and ceramides were eluted using 2 mL of a hexane/methanol/chloroform 80/10/10 (v/v) mixture. The eluted fraction was dried under nitrogen and dissolved in 300 µL of isopropanol/chloroform 50/50 (v/v) prior to LC-MS/MS analysis.
LC-MS/MS Analysis
The ceramide rich extracts were analyzed by LC-MS/MS using reversed-phase (RP) chromatography to characterize the CER profiles.
A 1290 Ultra high-performance liquid chromatography (UPLC) system (Agilent 1290; Agilent Technologies, Santa Clara, CA, USA) coupled to a quadrupole time of flight mass spectrometer (QTOF) (Agilent 6540; Agilent Technologies, Santa Clara, CA, USA) equipped with a Dual Jetstream ESI source was used for analysis. Ceramides were separated on an Acquity BEH Shield RP C18 column (2.1 × 100 mm; 1.7 µm; Waters, Milford, MA, USA) at 70 • C. The mobile phase consisted of 20 mM ammonium formate pH 5 (A) and methanol (B). The solvent gradient was programmed as follows: the gradient started with 70% of B held isocratically for 1 min, and linearly increased to 100% over 75 min, and returning to the initial conditions over 5 min. The flow rate through the column was 0.5 mL/min. The QTOF was operated in positive ion electrospray mode. Electrospray voltage was optimized to 3.5 kV; the drying and sheath gas temperatures were set to 300 • C, and the drying and sheath gas flow rates were set to 6 and 8 L/min, respectively. Data were collected in profile mode at an acquisition rate of 3 spectra/s in the extended dynamic range mode (2 GHz). MS/MS experiments were performed in a data-dependent acquisition mode (DDA) with an isolation width of~1.3 Da. Product ion scan spectra were acquired in the range of m/z 100-1500, and the collision energy was fixed at 35 eV. Data acquisition was carried out with Mass Hunter data software version B0.6.0 (Agilent Technologies, Santa Clara, CA, USA). The relative abundance of each ion was calculated by normalizing the area of each extracted ion chromatogram peak to the area of an internal standard.
Ceramides Identification
All ceramide species were identified by the presence of the molecular ion, [M + H] + ion, retention time and typical fragmentation patterns observed in the MS/MS spectra. The typical fragmentation pattern of ceramide species includes the loss of water and fatty acid molecules, leading to the formation of characteristic product ions (Table S1 , Figures S2 and S3 in the Supplementary Materials).
Data Treatment and Statistical Analysis
The relative ion abundances of the two groups of skin cells extracts (Ps and healthy subjects) were obtained after the LC-MS experiments. Peak areas were then corrected using the area of the selected internal standard by exporting the integrated peak area values into an excel spreadsheet (Excel, Microsoft, Redmond, WA). Data preprocessing, including baseline correction, peak alignment, and normalization was performed using MZmine 2.2 [47] . The processed data were analyzed for statistical significance using t-Test with Benjamin-Hochberg post hoc correction (P values) used to determine significant differences between samples. Differences were considered significant if p < 0.05. The data set was then subjected to multivariate analysis. The unsupervised segregation was conducted via principal components analysis (PCA) using auto-scaled data. Subsequently, a partial least squares-discriminate analysis (PLS-DA) model was constructed and variable importance in projection (VIP) scores were calculated to estimate the importance of each variable in the PLS-DA projection. The heatmap for significant ceramide species was then constructed. All the statistics approaches were performed using MetaboAnalyst version 4.0 [48] . : Table S1 . MS-based identification of the ceramide molecular species quantified in the present study, Table S2 . Peak area of each ceramide molecular species identified in the keratinocytes obtained using MZmine software (XLSX), Table S3 . Peak area of each ceramide molecular species identified in the fibroblasts obtained using MZmine software (XLSX), Figure S1 . An example of the total ion chromatogram (TIC), Figure S2 . And Figure S3 . Examples of CER specie identification. 
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